the basement membrane [10] . As evidence that these changes are not artifacts from the biopsy or slide preparation process, the sputum of symptomatic asthma patients shows clumps of airway epithelial cells, termed Creola bodies, particularly during an asthma attack. The mechanism of epithelial destruction is unknown. However, the proteins in eosinophil granules are known to injure the human airway epithelium. Deposits of granular protein have been found in desquamated airway epithelium, and filtration are thus helpful in distinguishing asthma from other inflammatory airway disorders. Eosinophilic granules contain major basic protein (MBP) and eosinophil cationic protein (ECP). If these proteins are detected in bronchoalveolar lavage (BAL) fluids, and if immunostaining for anti-MBP antibodies shows significant amounts of extracellular MBP in the mucosa [7] , degranulation of infiltrating eosinophils can be assumed.
Mast cells are present in normal airway mucosa, and the number of these cells in the mucosal layer does not examination by electron microscope has shown a positive correlation between the extent of epithelial injury and the vary greatly between healthy subjects and asthma patients. However, asthma patients show a pronounced in-number of eosinophils in airway mucosa. These findings strongly suggest eosinophilic involvement in the epithelial crease in mast cell count within the epithelium, and the number of mast cells recovered in BAL fluid is also sig-destruction seen in asthma.
Basement membrane thickening is a histopathologic nificantly higher than in healthy subjects. Although most reports show no difference in T cell count between healthy finding typical of chronic asthma. However, recent studies using electron microscopy have shown that the thickening subjects and asthma patients during asymptomatic periods, T cell count rises noticeably during symptomatic is not actually due to changes in the basement membrane itself, but is rather due to deposition of a thick connective periods.
Immunohistologic analysis shows an increase in CD4-tissue layer consisting of Type III and Type V collagen and fibronectin immediately below the basement mempositive helper T cells in biopsy tissue from the bronchial mucosa of asthma patients, while analysis by in situ hy-brane [11] . The correct term for this thickening is subepithelial fibrosis [12] . A comparison of airway wall thickness bridization indicates a large number of CD4-positive cells expressing mRNA for cytokines such as IL-4, IL-5, in autopsied and surgically excised lung samples from asthma patients and non-asthma patients showed signifi-IL-3, and GM-CSF. These findings suggest that the airways in asthma patients are dominated by T cells which cantly greater overall thickness of the airway walls in samples from asthma patients, as well as thicker epithelial, correspond to the Th2 cells in mice [8] .
Airway epithelial desquamation and injury are also subepithelial, and smooth muscle layers comprising these walls [13] . This airway wall thickening was seen both in important findings with regard to asthma pathophysiology [9] . The extent of epithelial injury can be determined the central and peripheral bronchi. Most of the mediators responsible for this airway remodeling remain unidentified by a number of factors, ranging from the amount of increase in epithelial intercellular space to the extent of at this point, but eosinophil-derived TGF and PDGF-B appear to be important [14] [15] [16] . separation and desquamation of the epithelial cells from lymphocytes, basophils, neutrophils, and macrophages) or by the cells which make up the airway tissue (including epithelial cells, fibroblasts, and vascular endothelial cells). The remaining changes appear to be mediated by other cells, by the nervous system, or by adhesion molecules [8, 20] . Acute changes include smooth muscle constriction, mucosal and submucosal edema, and secretion of mucosal fluid. Changes such as subepithelial fibrosis and smooth muscle hypertrophy tend to develop more chronically. The same phenomenon in different patients may involve different types of cells, mediators, and cytokines, and these factors may also vary within the same individual during different stages of the disease. Specific IgE antibodies (IgE-dependent structure) produced by the B cells and/or cytokines derived from the T cells and especially from the Th2-type cells (T cell-dependent structure), play 
Mechanism of Airway Inflammation in Asthma
Airway inflammation is a characteristic histopathologic finding in asthma, occurring as a result of interactions among a variety of cytokines and inflammatory mediators which are secreted by infiltrating inflammatory cells and by structural cells in the airway tissue [17] [18] [19] [20] [21] [22] [23] . Figure 2 illustrates changes such as smooth muscle constriction, mucosal and submucosal edema, epithelial injury from mucosal secretion, desquamation of the airway epithelium, formation and proliferation of epithelial goblet cells, submucosal glandular hyperplasia, subepithelial fibrosis, and smooth muscle hypertrophy. Some of these changes are attributed to the direct action of cytokines and inflammatory mediators released by infiltrating inflammatory cells (including eosinophils, mast cells, an important role in inflammatory cell migration to a enes C 4 /D 4 /E 4 are released from the mast cells to induce constriction of the airway smooth muscles [17] . This reacspecific site and subsequent activation, and also in the activation of the tissue structural cells.
tion is termed an immediate asthmatic response, and is the primary cause of airflow limitation from exposure to In patients with allergic asthma, specific IgE antibodies to pathogenic allergens bind to Fc R I sites on the airborne allergens. Extrinsic stimuli other than allergens include cold air, smoke, chemical substances, and changes surface of mast cells or to Fc R II sites on the surface of eosinophils and macrophages. Binding of the pathogenic in weather. Intrinsic stimuli include exercise and psychological stress. These factors promote the release of mediallergens with Fc R I and subsequent cross-linking of the receptors causes the cell to be activated and mediators ators of smooth muscle contraction from the inflammatory cells, or cause smooth muscle constriction by to be released, producing an immediate asthma response. At the same time, an inhaled allergen is processed by an eliciting a vagal reflex or axon reflex which releases acetylcholine and/or neuropeptides. antigen-presenting cell in the airway and is presented on the cell surface and T cells identify this allergen and are activated to produce Th2 cell-type cytokines. Of these cytokines, IL-5 is strongly associated with eosinophilic Airway Wall Edema differentiation and proliferation in the bone marrow, specific activation of eosinophils within the circulating blood, Some of the mediators which are released by the inflammatory cells (including the leukotrienes, the bradyeosinophilic migration to local airway sites, and prolongation of eosinophil survival. IL-4 may act on B cells to kinins, thromboxane A 2 , the prostaglandins, histamine, and PAF) promote microvascular leakage and increase promote IgE antibody production while at the same time selectively enhancing VCAM-1 expression by vascular vascular exudation. This causes airway edema and airflow limitation. endothelial cells, thus contributing to selective eosinophilic infiltration [21] .
IL-5 can be detected locally in the airways in patients with both allergic and non-allergic asthma [22] , sugPromotion of Airway Secretion gesting that T cells can be activated even in the absence of an atopic predisposition. Researchers have not yet Airflow can be limited by mucosal secretions resulting from airway irritation. In severe asthma attacks, these determined whether the T cells are activated by an unknown antigenic stimulus. We do know, however, that secretions combine with serum protein exudates and with cellular constituents to form highly viscous mucus plugs cytokines are produced by mast cells, eosinophils, macrophages, and the epithelial cells themselves. These cyto-which can obstruct the airway. Such plugs can lead to the development of status asthmaticus or asthma death. kines, together with cytokines from activated T cells, act on other inflammatory cells as well as on their When an asthma attack is being treated, recovery from airflow limitation may lag behind normalization of PaO 2 own cells. The resulting cytokine network is believed to contribute to the development of eosinophilic airway as a result of the presence of mucus plugs. inflammation.
Airway Wall Remodeling Correlation between Airway Inflammation and Airflow Limitation
Smooth muscle hypertrophy and fibrin deposits in the airway mucosa can persistently thicken the airway walls, resulting in mostly irreversible airflow limitation. Airway inflammation produces airflow limitation through the following four mechanisms.
In many cases, airflow limitation due to smooth muscle constriction can be quickly relieved by inhaling a 2 agonist. However, corticosteroids are required if the airflow limitation results from airway wall edema Smooth Muscle Contraction and mucus plug formation. Even bronchodilators and corticosteroids may not rapidly or readily enable recovWhen a patient with allergic asthma is exposed to a pathogenic allergen, mediators of smooth muscle contrac-ery from airflow limitation due to remodeling of the airway walls. tion such as histamine, prostaglandin D 2 , and leukotri-Correlation between Airway Inflammation and epithelium and resulting effects on the nervous system. Such aggravation disappears with epithelial recovery and Airway Hyperresponsiveness the healing of inflammation. In contrast, increasing hyperresponsiveness which occurs as a result of airway wall Airway hyperresponsiveness produces airway constriction from a variety of extrinsic and intrinsic stimuli. Al-remodeling is rather irreversible. Although this process is gradual, it is almost certainly a causal factor in the though a number of causes have been proposed, airway inflammation is currently considered to be the most im-aggravation of hyperresponsiveness.
Recent research indicates the possibility of genetic portant factor contributing to airway hyperresponsiveness. Below are listed the three major direct factors by components in irreversible airway hyperresponsiveness. which airway inflammation promotes airway hyperresponsiveness.
Effects of Allergen Exposure on Airway Narrowing, Airway Inflammation, and Airway Hyperresponsiveness (Immediate Asthmatic Response, Late Asthmatic Injury to the Airway Mucosal Epithelium
Response, Post-Late Asthmatic Response) Injury to the airway epithelium results in loss of the barrier function. This makes the exposed sensory nerves When patients with atopic asthma are exposed to specific allergens, they develop immediate airway narrowing prone to vagal reflex and increases mucosal permeability to extrinsic irritants, exacerbating airway hyperrespon-within a few minutes of exposure (immediate asthmatic response). In many cases, the airway narrowing is then siveness. In addition, the epithelial cells produce smooth muscle relaxation factors, histamine-degrading enzymes, temporarily relieved, but recurs 3 to 8 h later (late asthmatic response) [18] . The immediate asthma response is and neuropeptide-degrading enzymes. The loss of these functions through epithelial desquamation tends to fur-attributed to airway constriction mediators which are released by the mast cells, while the late asthmatic rether aggravate airway hyperresponsiveness.
sponse is apparently caused by mediators such as leukotrienes from eosinophils infiltrating into the airway during the immediate response. There is also subsequent aggravaEffects on the Nervous System tion of airway hyperresponsiveness which is attributed to airway inflammation from continued infiltration of Airway inflammation disturbs the functioning of 2 receptors, which suppress the release of acetylcholine eosinophils and T cells into the airway (post-late asthmatic response). Antiallergy agents such as disodium crofrom vagal nerve terminals, and may also suppress the adrenaline receptor function, which causes the airway moglycate (DSCG) inhibit immediate and late asthmatic responses, while post-late asthmatic response can be supsmooth muscles to relax. Also, some inflammatory mediators irritate the ends of the sensory nerve C fibers, caus-pressed by corticosteroids which provide stronger antiinflammatory action. The 2 agonists, which act primarily ing neuropeptides to be released into the airways. These neuropeptides include substance P, neurokinin A, and to relax the smooth muscles, are particularly effective in suppressing the immediate asthmatic response. These calcitonin genetically related peptides (CGRP) .
findings indicate that the immediate response is due primarily to airway smooth muscle constriction, while late asthmatic response and post-late asthmatic response are Airway Wall Remodeling due primarily to airway inflammation. Airway wall hypertrophy greatly increases airway resistance as a result of bronchoconstriction. These changes have been clearly depicted through calculations modeling Specific Considerations in Children the human airway. Thickening of the airway wall always enhances airway hyperresponsiveness, whether or not air-
The pathophysiology of asthma in children, and especially in infants, is not as well understood as in adults. way inflammation is present [13, 23] .
Of the three mechanisms described above, increased Significant questions also remain regarding the similarities of asthma pathophysiology between children and airway hyperresponsiveness is considered to be transient and reversible if it is due to damage to the airway mucosal adults. This section will review the topics previously covered, with special emphasis on points specific to These children show elevated IgE levels and have IgE antibodies for specific allergens, especially house dust children.
mites. However, IgE values do not always correlate with asthma severity. Many asthmatic children experience asthma attacks which are obviously environmentally inAirway Inflammation duced, occurring for example when the child moves into an environment where animals are housed indoors or Results obtained to date, both the histopathologic findings following asthma death in children and the re-where house dust mites are prevalent. sults of noninvasive testing (including ECP in serum, expiratory NO, and eosinophils and Creola bodies in the sputum), indicate the presence of chronic eosinophilic Evaluation of Respiratory Physiology and Pulmonary Function airway inflammation and airway remodeling, at least in children with severe or long-standing asthma. However, opinions differ on questions such as whether airway re-PEF can be reliably measured in children 6 years of age or older, and in 4-year-old children who have been modeling in children may be reversible, since many children appear to outgrow cases of mild asthma, and trained in the procedure, and spirograms and flow volume curves can be measured in primary schoolchildren. whether the same mechanism is responsible for the infection-induced exacerbations of asthma seen in infants and Different from adult asthma, in children, even in severe asthma, PEF may remain within normal limits when the in middle-aged and elderly patients. This division of opinions is one major reason for the fact that inhaled cortico-child is not experiencing an attack. Therefore, during asymptomatic periods, other parameters of pulmonary steroids are not widely used in children.
function such as MF, V 50 , and V 25 measurements are required to determine asthma severity. Arterial blood gas findings during asymptomatic periods are characteristiAirway Hyperresponsiveness cally higher for PaO 2 and lower for PaCO 2 in children than in adults, and PaCO 2 elevation may occur more Airway hyperresponsiveness can be measured in school-age children by the same method as in adults; in readily during severe asthma attacks in young children.
Reliability is reasonably high for tcPO 2 and tcPCO 2 findinfants and small children, clinical findings for tcPO 2 , PO 2 , and SpO 2 are used as airway response indicators. ings because of the soft, thin skin in children. These findings show airway hyperresponsiveness in children to rise with increasing asthma severity and with longer duration of disease, just as in adults. However, the Conclusion resulting values are not comparable between children and adults, due to differences in ratio of airway diameter and Because symptoms can change dramatically in children, especially small children, and objective indicators airway smooth muscle, ventilation volume, and inhaled drug dose. It is extremely difficult to resolve these differ-are difficult to assess, a number of questions remain unanswered with regard to the pathophysiology of childences.
hood asthma. This lack of information is thought in part due to the sharp decrease in hospital and clinic visits which occurs when asthmatic children enter adolescence.
Correlation between Airway Inflammation and Airway Hyperresponsiveness
In order to study possible correlations among pathophysiologic factors in asthmatic patients from infancy through old age, further advances and developments in noninvaNo decisive data is available on correlation between airway inflammation and airway hyperresponsiveness.
sive testing are needed, and improved understanding of asthma pathophysiology before and after adolescence will be required.
Evaluation of Allergic Status
Unlike in middle-aged and elderly patients, atopic asthma accounts for 90 to 95% of all asthma in children.
